Abstract. In this paper, a double compact elastic module is designed and implemented in the lower extremity exoskeleton. The double compact elastic module is composed of two parts, i.e., physical human robot interaction (pHRI) measurement and the elastic actuation system (EAS), which are called proximal elastic module (PEM) and distal elastic module (DEM) respectively. The PEM is used as the pHRI information collection device while the DEM is used as the compliance device. A novel compact parallelogram-like structure based torsional spring is designed and developed. An iterative finite element analysis (FEA) based optimization process was conducted to find the optimal parameters in the search space. In the PEM, the designed torsional spring has an outer circle with a diameter of 60 mm and an inner hole with a diameter of 12 mm, while in the DEM, the torsional spring has the outer circle with a diameter of 80 mm and the inner circle with a diameter of 16 mm. The torsional spring in the PEM has a thickness of 5 mm and a weight of 60 g, while that in the DEM has a thickness of 10 mm and a weight of 80 g. The double compact elastic module prototype is embedded in the mechanical joint directly. Calibration experiments were conducted on those two elastic modules to obtain the linear torque versus angle characteristic. The calibration experimental results show that this torsional spring in the PEM has a stiffness of 60.2 Nm rad −1 , which is capable of withstanding a maximum torque of 4 Nm, while that in the DEM has a stiffness of 80.2 Nm rad −1 , which is capable of withstanding a maximum torque of 30 Nm. The experimental results and the simulation data show that the maximum resultant errors are 6 % for the PEM and 4 % for the DEM respectively. In this paper, an assumed regression algorithm is used to learn the human motion intent (HMI) based on the pHRI collection. The HMI is defined as the angular position of the human limb joint. A closed-loop position control strategy is utilized to drive the robotic exoskeleton system to follow the human limb's movement. To verify the developed system, experiments are performed on healthy human subjects and experimental results show that this novel robotic exoskeleton can help human users walk, which can be extended and applied in the assistive wearable exoskeletons.
Introduction
Wearable exoskeletons can enhance the power of operators to assist walking or carrying heavy loads. The robotic exoskeleton has the similar mechanical structure with the human limb. In recent years, many advances and progress have been made in the development of wearable exoskeletons. In 2000, the DARPA sponsored the program, i.e., Exoskeletons for Human Performance Augmentation (EHPA), which aimed to developing several kinds of wearable exoskeletons to increase and improve the soldiers' capabilities, e.g., BLEEX, ExoClimber, ExoHiker and HULC (Kazerooni and Steger, 2006) . In the field of wearable robots for assistance and rehabilitation, Hybrid Assistive Limb (HAL), developed by the University of Tsukuba in Japan, is utilized to help the operator walk and carry heavy loads (Sankai, 2010; Kawamoto et al., 2003) . The wearable exoskeleton robot is a typical human-robot cooperation system, where the human operator is located in the control loop. Therefore, in order to achieve human exoskeleton cooperation, the most important step is to acquire and estimate the HMI via measuring the HRI. According to the measurement methodologies, the HRI signals can be divided into three kinds of classification, i.e., biomedical signals, e.g., Electromyographic (EMG), physical HRI signals, e.g., force or torque signals, and mechanical signals only from exoskeletons themselves (Huo et al., 2016) . The biomedical signal, e.g., sEMG, is used widely in exoskeletons for power assistance or rehabilitation (Lee and Sankai, 2002) . However, the function of the sEMG will be affected by the individual difference and the skin surface conditions. The HRI measured by mechanical sensors on the exoskeleton uses states and feedback signals of the system. However, this kind of signal needs an accurate mathematical model and is sensitive to external disturbances (Kazerooni et al., 2005) . The pHRI collection is adopted by some exoskeletons, e.g., WPS, developed by Kanagawa Institute of Technology (Dollar and Herr, 2008; Yoshimitsu and Yamamoto, 2004) . In this way, sensors are generally placed on the interface between the exoskeleton and the operator.
The pHRI information can be obtained by force or torque sensors. A flexible sensor technology is developed to measure the pHRI pressure, where the sensory system is composed of several optical-electronic sensors (Donati et al., 2013) . The system has at least six sensors at the interaction cuff. The pHRI force can be measured by a strain gauge, where a circle sensor is utilized (Del-Ama et al., 2012) . The wearing comfort can be ensured by the human robot interfaces to achieve the physical and cognitive cooperation. The connection cuff is a widely-used way to connect the wearable robot and the human user. It is critical to get an accurate measurement of the pHRI information for the robotic exoskeleton control and the assistance grade evaluation (Santis et al., 2008) . The pHRI signal can be measured by estimating the joint torque of exoskeleton, e.g., LOPES (Veneman et al., 2007) and directly measured by using force sensors or torque sensors (Lee et al., 2008) . The first approach needs an accurate HRI dynamics model and the second one leads to a complex structure with many sensors (Lenzi et al., 2011) . The pHRI information measured by sensors placed on the connection cuff is capable of representing the interaction directly. This type of measurement utilizes one sensor or several sensors. The usage of one single sensor can make the structure compact but may hide necessary information, while the usage of several sensors can measure the HRI more completely but results in a complicated structure. The multi-sensor device, called pressure sensor pads, is applied for robotic rehabilitation (De Rossi et al., 2010a, b) . Those sensors are placed on the connection cuff, where the tightness has an important effect on the accurate measurement, besides, the cuff with embedded sensors may cause the operator's wearing discomfort. Similarities of those reported methods are presented as the follows, i.e., (1) sensors are placed on the interaction cuff, (2) multi-sensor system will complicate the structure of the interface.
Different from that presented previously, this paper proposes a compact measurement structure placed on the robot joint directly instead of in the connection cuff. The measurement structure is dependent on an elastic module, which is composed of tensional springs and magnetic encoders. The relative movement will cause the elastic module's deformation and the magnetic encoder will output the measurement signal. This kind of pHRI measurement only needs an encoder and simplifies the structure of the connection cuff. Considering the human limb's softness, the sensor for pHRI measurement should has high resolution without causing the wearing discomfort. In this paper, a rotary torsion spring is developed and connected with a position sensor, which is tolerant of shocking to ensure the wearing comfort.
In reality, this kind of elastic module is inspired by the serial elastic actuator (SEA) in the wearable exoskeleton. In the SEA, the elastic element is installed between the output of the motor and the carrying load. The SEA is adopted in the robotic exoskeleton due to its several benefits (Arumugom et al., 2009) . Compared with an ordinary stiff actuator, the SEA has more advantages in following features, i.e., lower output impedance and back-drivability, shock tolerance, force transmission fidelity, storing and releasing energy, and passive impedance at high frequencies. Accoto et al. presented a kind of SEA for a lower limb robotic orthosis, where a custom-made torsion spring with a stiffness of 272.25 Nm rad −1 is directly connected to the load and the delivered torque can be obtained by measuring the deflection of the spring through absolute encoders (Accoto et al., 2013) . Several kinds of elastic springs in SEA were concluded and presented that linear springs and torsional springs were arranged in the transmission train actuators, where the discrete design details are described (Carpino et al., 2012) . Considering the specialty of robot joint structure, the spring structure is usually rotary. A compact series elastic actuator is designed to satisfy those requirements, e.g., back drivability and low output impedance, and the actuation performance is verified by experiments (Kong et al., 2012) . Hao et al. (2017) made much progress in the field of elastic actuators for the flexible mechanisms and have given the detailed analysis for the elastic actuators' compliance (Hao et al., 2017; Hao, 2017a, b) . However, those torsional springs are only used in SEA. In the assistive exoskeletons, acquiring the HMI is a crucial issue. In this paper, the double elastic module is designed and developed for the lower extremity exoskeleton, where the PEM with the lower stiffness is used for the measurement of the pHRI and the DEM is utilized as the torque sensor for the elastic actuator. Those two elastic modules are used respectively to detect the human movement and enable the mechanical device to move smoothly. This paper presents the exoskeleton leg with double elastic module, where the PEM is used to measure pHRI information and the DEM is utilized for the elastic actuation system. Based on the discussion above, we highlight the following features, 1. A novel double elastic module is designed and implemented for the lower extremity exoskeleton to help the human user walk. The proposed double elastic module is composed of the PEM and the DEM.
2. The developed double elastic module is placed on the mechanical joint. It has two main functions, i.e., measuring the pHRI information and acting as the torque sensor. Compared with the traditional pHRI measurement where the utilized sensors are placed at the interaction cuff, the measurement device is capable of freeing the human leg and increasing the wearing comfort.
3. Compared with the regular SEA, the proposed mechanism has the similar functions and furthermore can detect the human movement intention directly.
FEA-based design of torsional spring

Design process of torsional spring
Since the torsional springs have the similar structure in PEM and DEM, the PEM's spring is introduced as example to present the design process and performance analysis in this paper. In robotic exoskeleton, the pHRI information is generated when the human user wants to move. Some mechanical sensors are designed and developed to measure the pHRI. Since the high accuracy and stability of pHRI collection has an important influence on the estimation of the human motion intent, the elastomer is the key element in the design of sensors. The mechanical design and performance analysis are presented in this section. The elastic module is designed to collect the pHRI, which focuses on the achievement of two objectives, i.e., (1) the capability of measuring the HRI with high resolution, (2) the minimization of weight and dimensions. The maximum torque of human exoskeleton interaction is defined as 4 Nm. The resolution of the sensor is defined as 0.1 Nm. A more compliant component allows a smaller quantization and improves the signal estimation's accuracy. In order to guarantee an accurate torque estimation and consequent performance, a high linearity of the torque versus the angle is desirable. For this same reason, residual deflection (at zero delivered torque) and hysteresis should be avoided (Kong et al., 2012) .
To detect the HMI easily and effectively, the elastic module should have high sensitivity and prevent disturbances. Based on those elastic modules in the SEA applied in robotic exoskeleton, a combination of elastic modules structure is constructed. Since the elastic module is arranged on the robot joint, the structure is composed of the outer ring and inner ring, which are connected by the torsional spring to keep the compliance. Its DOF is limited in the proximal plane, which means the structure can rotate clockwise or counterclockwise along with the mechanical joint. The specific parameters of the elastic module can be shown in Table 1 . The torque applied on the elastic module will be transferred between the outer ring and the inner ring. The process of the elastic module is presented as follows: (1) a set of topologies determination, (2) mechanical design by using SOLIDWORKS (2012, Dassault Systemes S.A, USA), (3) importing the CAD file into ANSYS (AN-SYS 2014, USA), (4) design requirements based simulation. In the iterative FEM of ANSYS, static performance is analyzed to test the stiffness and the linearity. Through the optimization and the selection, the optimal structure of elastic module can be obtained. In this section, two kinds of the elastic element's topologies with symmetric structure are taken into account, which are shown in Fig. 1 . Those symmetrical structures have two features, i.e., less optimized parameters and low processing costs. Based on the results presented in Kong et al. (2012) , the topology of A is superior to that of B.
The symmetrical structure does not take consideration of the architecture of spiral or double helix, which have backlash such that stiffness and linearity of the elastomer cannot be guaranteed. In Fig. 1 , the outer circle is fixed and the inner circle can rotate around the outer circle under the applied torque. A definite topology can be determined by the number and the arrangement of the elastic elements. The definite topology's shape can be defined by a parameter space, e.g., length, width, thickness, and radius. The variable parameters are defined for this topology's specific architecture. The number of variable parameters is n and the range of ith pawww.mech-sci.net/8/249/2017/ rameter is (x i,min , x i,max ), based on which, a n-dimensional search space can be determined.
Design and simulation of the elastic module
Based on the topology architecture, the inner circle will rotate around the outer circle under the actuating torque. Generally, the elastic module is actuated by a rotating torque, which can be equivalent to cantilever model that subjects to a force at the free end. The beam will be deformed under the applied force and has deformation in definite direction, as shown in Fig. 2 . The deformation of the elastic module can be regarded as a cantilever beam. The tip of the elastic element, fixed with the outer ring, is equivalent to the cantilever's fixed end, while the other tip, fixedly connected with the inner circle, is equivalent to the cantilever's free end. The torque applied to the inner circle is equivalent to the force on the cantilever's free end. In this kind of elastic module, the deformation is caused by the bending and the tensile. The tensile deformation is more obvious. The deformation of tensile can be obtained as the following
where l is the deformation along the axial direction, E is Young's modulus, and A is the cross section area. Since E is large, the deformation l is too small to be measured. Based on the design requirements of dimension and stiffness, the elastic element's deformation cannot be obtained via the tensile deformation along the axial direction while can be achieved by the deformation along the radial direction.
Design result of torsional spring
As discussed previously, the elastic element' deformation can be obtained along the radial direction through a parallelogram-like structure. The radial deformation of this type of structure will be transferred as the bending deformation. Flexible elements are shaped as the arched lamellae placed between the inner circle and the outer circle. D 1 and D 2 present the diameter of the outer and inner rings, D 3 and D 4 are the distance of the near side and the distal end from the center, W 1 and W 2 define the width of the lamellae and the distance between edges of the lamellas and R 5 is the radius of the lamellae. The thickness of the spokes set, the inner circle's radius and the deformation spokes' distance among three elastic units are set as the same. In order to ensure that the elastic element deforms in the predefined range and those three units do not interfere with each other, the parameters of the elastic element should be located in the specific range, as depicted in Table 2 . Table 2 gives detailed illustrations of the design parameters, based on which, the search space can be obtained with the lower and the upper bound as well as the increment of each parameter. The diameters of the inner hole and the outer ring are defined as the constant parameters, i.e., 8 and 60 mm respectively. Based on the parallelogram-like structure and the search space defined in Table 2 , the optimized structure can be obtained. This type of configuration, as shown in Fig. 3 , includes three replications of two couples of parallelogram- Table 3 . Specific parameters of the optimized elastic element.
Value (mm) 50 24 48.5 27.5 0.5 45 2.25 like lamellae, arranged at 2/3π . There are six elastics parallelogram-like lamellae utilized between the outer circle and the inner circle. In the search space, the final architecture with optimized parameters is obtained after 18 iterations. The diameter of the outer circle is 60 mm. Specific parameters of the designed elastic module are depicted in Table 3 . The elastic module can bear the torsion torque up to 4 Nm and the torsion angle can be up to 5 • . Based on FEM, parametric design in the search space for the determined topology structure is conducted. In the search space, the optimized structure is obtained. With the optimized parameters in Table 3 , this kind of topology module can be driven by the maximum torque of 4 Nm. The 1 : 1 elastic module deformation and the Von Mises Stress plot is shown in Fig. 4a . Based on the FEM in ANSYS, the real sample piece is depicted in Fig. 4b . The optimized module is manufactured by 60Si2Mn (quenching at 870 • C, oil cooling at 400 • C, Young modulus of 206 GPa, Poisson's ratio of 0.59, yield stress of 1176 Mpa, and stretching limit of 1274 Mpa). The inner hole and the outer ring of the optimized module are connected with the encoder and the interface with human respectively. After the design optimization, the final torsional spring in the PEM can be obtained, whose properties are presented in Table 4 .
Application in the wearable exoskeleton
Characteristic of the elastic module
The designed double elastic module is used for the pHRI measurement and also utilized as the elastic actuator. The compliant component of the pHRI measurement has low stiffness to ensure that the pHRI can be collected easily when the operator wears the robotic exoskeleton, while that used for actuation has high stiffness to make sure that the movement is flexible meanwhile bears heavy loads. The robotic exoskeleton is illustrated in Fig. 5 (Long et al., 2017a) . In  Fig. 5 , the left elastic module is used for the pHRI measurement and the right one is utilized for the elastic actuation. The elastic module will be connected with the magnetic encoder. The compact encoder can be implanted into this type of architecture and is fixed to the inner ring. If a torque is applied on the elastic module, the encoder will output corresponding values to reflect the torque. The explosive view of the double elastic module is depicted in Fig. 6 . The outer ring is connected with the interaction cuff while the inner ring is fixed on the joint. The deformation of the elastic module can be denoted by the output of the magnetic encoders.
The elastic module's static characterization can be obtained by calibration experiments, where the PEM is conducted as a typical example. The calibration platform can be illustrated in Fig. 7 . The inner ring is fixed on a stable table and the encoder is mounted on the outer ring. The external force will produce torque on the torsional spring through the force-bearing bar. The hardware prototype can be shown in Fig. 8 , in which the experiment is processed on a stable test bed with bolt connection. The magnetic encoder is connected with the elastic element. The signal of the encoder is collected by a Programmable Multi Axis Controller (PMAC, Delta, USA). The PMAC transfers the position data into the embedded PC through Ethernet. The standard test weights are used to apply force to the torsional elastic module. In Fig. 8 , the force limb D is 10 mm, thus the maximum load weight is 4 kg. The minimum weight unit is 50 g and the maximum weight unit is 2 kg. The load cell by the standard weight changes from 100 g to 2.5 kg. The increment of load is 50 g. Five tests have been performed for each value of the load weight. The load weight can be removed for each test to allow the element to recover the unperturbed posi- tion. The resulting values are chosen by 95 % confidence. The simulation and experiment data are plotted to illustrate the relationship of torque verse angle as shown in Fig. 9 . The FEM simulations data give a prediction of stiffness of K s = 57.6 Nm rad −1 while the measurements indicate a stiffness of K e = 60.2 Nm rad −1 . Hence, the error between simulation data and experiment data can be obtained according to the following equation
Therefore, the calculation error is 4.5 %.
pHRI measuring and processing
The developed PEM is used to measure the pHRI for wearable exoskeletons. To verify the proposed approach and the developed architecture, the pHRI measurement experiment in the laboratory is conducted on the human upper limb of a healthy subject and ethical approval was granted by the Laboratory Management Council. The elastic module is placed on the joint of human upper limb through connection cuff, as shown in Fig. 10 . The elastic module is fixed on a stable platform and is parallel with the elbow joint of the human subject. The upper arm keeps stable as far as possible and the forearm moves to apply torques on the elastic module. The magnetic encoder will register the deformation of the elastic module. The obtained data is angular position (rad), which will be transferred as the torque data (Nm) via stiffness. Five tests are performed and the average of data can be obtained with 95 % confidence. The final experiment result is depicted in Fig. 11 . The pHRI curve is split into two parts, i.e., positive and negative direction. The maximum pHRI is smaller than the maximum torque that the elastic module can bear. The pHRI becomes larger when the human user limb feels quite uncomfortable. The pHRI data measured by the elastic module can be utilized in the HMI estimation. The elastic module is capable of measuring the pHRI between the wearable robot and the human operator.
Motion intent-driven control strategy design
The pHRI can be collected by the PEM in real time. The HMI in this work is defined as the angular position of the human limb joint. The HMI can be reflected and derived by the pHRI. However, the relationship between the pHRI and the HMI cannot be modeled by mathematical approaches easily and directly. Remark 1: The robotic exoskeleton is a typical highly human-machine coupled system. When the magnitude of the pHRI increases, the corresponding human movement should be quicker. The collected pHRI can reflex the HMI directly. The HMI can be assumed as the function of the pHRI. The magnetic encoder of the PEM can measure the deformation of the torsional spring. Based on the assumption discussed Figure 11 . HRI measurement with respect to time. If the torque is zero, the output HRI with the elastic module is close to zero. When the torque drives the elastic module, the HRI will change between the positive interval and the negative interval. above, the desired angular position of the mechanical joint can be expressed as follows,
where, K is a positive constant, θ d (k) and θ d (k − 1) is the kth and (k−1)th desired angular position for the mechanical joint respectively, θ s (k) is the deformation of the torsional spring of the PEM. θ d (k) will be regarded as the mechanical leg's tracking target. Remark 2: The desired angular joint of the mechanical leg can be obtained by Eq. (3). The collected θ s (k) lags behind the real human motion intent. The time series of θ s (k) should be predicted forward to eliminate the delay to improve the wearing comfort.
The HMI can be obtained by the collected pHRI, expressed in Eq. (3). Generally, the measured pHRI include noises at higher frequency. The pHRI should be processed by low-pass filters to eliminate its noises before it is used in Eq. (3). Compared with the biomedical signal, the measured pHRI lags behind the real human motion intention. The delay of pHRI will cause the exoskeleton system not to react to the human limb gait immediately. Overall, the processing steps should include two steps, i.e., (1) eliminating noises and (2) predicting forward. In this paper, Kalman smoother is used to deal with the delay. The general state-space representation of a linear time-variant system is written in the following form (Long et al., 2016a; Chen, 2012) 
where x k , y k and R k are the kth system state, measured output value and the measurement noise vector respectively, u k−1 and Q k−1 represent the (k − 1)th input to the system and system state noise vector, A, B and H describe the state matrix, the input matrix and the output matrix. The primary goal of Kalman filter is to minimize the gap between predicted value and actual value of the target by the least squares method to achieve the optimal results. The updated equation for the system and the measurement equation are shown as follows,
where K k is the Kalman gain matrix, I is the unit matrix, P k is the variance matrix. The Kalman filter only focuses on the measurement data before and at the time step k. In this work, Eq. (5) is the system equation of the PEM. Those parameters can be defined as
The Kalman filter can predict θ s (k) to avoid the delay of the time series. Remark 3: In the preliminary stage, a close loop position strategy is designed to drive the exoskeleton system to follow the human limbs. Once the PEM detect the movement of the torsional spring, the controller will react quickly. The control diagram is depicted in Fig. 12 . In the preliminary experiment, a close loop control strategy, called proportion-integrationdifferentiation (PID) control, is designed to drive the robotic exoskeleton to follow the estimated human motion intent.
Experiments for the wearable exoskeleton
Experiment setup
The control enclosure has the necessary auxiliary facilities, i.e., embedded PC, PMAC, actuators (Copley) and power module. The power supply produces 5, 12 and 24 V voltage. PMAC is used to collect the actual angular position of the joints and execute motion commands from the embedded PC. The magnetic encoders of the double elastic module transferred the elastic torsional springs' deformation to the PC. Since the robotic exoskeleton only has a leg right now, the experiment is conducted for the swing phase. The mechanical leg is driven to follow the human user's swing leg. Three subjects have an average height of 1.75±0.064 m, an average weight of 60.5 ± 7.2 kg and an average age of 26 ± 1.5 years old. Safety precautions are taken consideration from the hardware and the software (Long et al., 2016b (Long et al., , 2017b . In the mechanical leg, mechanical limits can prevent the movement exceeding the range of natural movement. In hardware, the lower or upper boundary is designed for the hip joint and the knee joint respectively. The control software detects the driven current online and it will shut down the control system if the current is over the setting limit. The experiment wearing the lower extremity exoskeleton is shown in Fig. 13 .
Experimental results analysis
Laboratory experiments were performed on healthy wearers and were carried out under the condition of safety facilities. By fastening the robotic exoskeleton with the human user, the exoskeleton can be driven to cooperate with the wearer. In the preliminary experiment, the PEM measures the pHRI, based on which, the desired control command can be obtained and sent to the actuation system. The experimental results are shown in Figs. 14-17. Figures 14 and 15 give the relationship between the PEM's signal and the estimated desired gait trajectory for the hip joint and the knee joint respectively. The desired joint trajectory has an upper bound with the safety consideration. The movement range of the hip joint is located in the interval of (−10, 40) • , while that of the knee joint is (0, 60) • . In a single gait cycle, the joint trajectory increases continuously when the PEM's signal is positive, while the joint trajectory decreases continuously when the PEM's signal is negative. In Figs. 14 and 15, these two curves between the point "A" and the point "B" represents the positive gait trajectory for the hip (extension) and the knee (flexion) joint respectively. Figures 16 and 17 give the gait trajectory tracking performance of the hip joint and the knee joint. In overall performance, the robotic exoskeleton can track the computed desired joint trajectory from the PEM signal quite well. In some points, the actual trajectory lags behind the command trajectory due to the higher acceleration. The experimental results in preliminary tests are used to test the system simply.
Conclusions
In this paper, a compact double elastic module is developed and characterized to be used in the lower extremity exoskeleton. The PEM is used for the pHRI collection and the DEM is applied in the elastic actuator. Compared to the traditional pHRI measurement approaches, the proposed method arranged the sensors in the mechanical joint instead of the connection cuff. This kind of architecture has compact architecture and improves the wearing comfort, which can adapt to various operators and is convenient to be applied in the wearable exoskeleton. There is only one elastic module needed to measure the pHRI in the sagittal plane completely. The design and analysis process of the torsional spring is presented and calibration experiments are conducted. The PEM and the DEM have different functions and are integrated together. The preliminary experiment verifies the effectiveness of the PEM and gives the desired gait tracking performance. The performance of the DEM will be studied in the following work and human-exoskeleton coordination control strategies will be investigated in future work.
However, the work in this paper is only about the preliminary experiment for the designed robotic exoskeleton. We envision several future works to improve the human exoskeleton cooperation movement to perform motion assistance. It is worthy developing a more robust and adaptive regression algorithm for different users and improving the human exoskeleton coordination. The analysis and evaluation of the double elastic module joint will be conducted in the future work. We will pay more efforts to improve the system stability and adaptability as well as give more metabolic cost indexes to evaluate the effectiveness of the work.
Data availability. All the data used in this manuscript can be obtained by requesting from the corresponding author.
